Odors produced from biosolids has become an increasing problem and often cited as a significant concern of many treatment plant operations. Recent research has shown that most odors are associated with volatile sulfur compounds (VSCs), especially methanethiol (MT), dimethyl sulfide (DMS) and dimethyl disulfide (DMDS); however, little research has been performed to understand the mechanisms of VSC production from biosolids. The objectives of this research were to determine the mechanisms and pathways of VSC production from biosolids in order to provide a foundation for the development of odor control management strategies. The research examined the different pathways of VSC production using selective chemical addition and selective microbial inhibition. VSCs were measured in headspace samples of biosolids. The results of this research demonstrated that amino acid degradation, especially methionine and to a lesser extent cysteine, are the primary substrate for MT and H 2 S production, respectively. Both H 2 S and MT can be methylated in sequential steps to form MT and DMS, respectively. The formation of DMDS is through an abiotic reaction in which MT is oxidized to form DMDS and water. In addition, methanogenic bacteria play an important role in the cycling of VSCs in that they can degrade MT, DMS and DMDS. Results showed inhibition of methanogens greatly increased the production of these compounds. These results can be applied to understand the factors that affect VSC production from different processes such as dewatering and conveyance.
INTRODUCTION
Research has shown that productions of volatile sulfur compounds (VSCs) from biosolids are generally considered one of the principal causes of nuisance odors which are a concern for biosolids (Higgins et al., 2002 , Forbes, 2003 . VSCs produced by biosolids are generally hydrogen sulfide (H 2 S), methyl mercaptan or methanethiol (MT), dimethyl sulfide (DMS), and dimethyl disulfide (DMDS). For example, Figure 1 shows a typical profile of MT and DMS production during storage of digested and dewatered cakes. These data also correlate very well with olfactometry results which show the VSCs are associated with odors. Based on a thorough review of the literature, several pathways exist for the generation of these VSCs, and understanding these mechanisms is critical to developing methods to control odors. Much of the literature on VSC production is found in research related to oral bacteria as they produce VSC associated with oral malador and periodontal disease (Oho et al., 2000 , Persson et al., 1990 , Persson, 1992 as well as research related to sulfur cycling in freshwater sediments (Bak et al., 1992) . Very little literature is available on the mechanisms of VSC production in biosolids. A review of the mechanisms of VSC production in freshwater sediment as well as by oral bacteria can provide a basis for potentially understanding the mechanism within biosolids. The following is review of the known mechanisms for VSC production by abiotic and non-marine bacterial systems.
Degradation of Sulfur Containing Amino Acids
The degradation of sulfur containing amino acids, specifically cysteine and methionine can produce hydrogen sulfide and MT under anaerobic conditions (Oho et al., 2000 , Persson et al., 1990 , Persson, 1992 . Amino acids are the monomers of protein and both cysteine and methionine have been shown to be present in protein extracted from activated sludges and anaerobically digested sludges (Higgins and Novak, 1997 , Dignac et al., 1998 , Morgan et al., 1991 . This mechanism would likely entail the sequential steps of the breakdown of protein to form peptides, and degradation of the peptides to form these free amino acids which could then be broken down to form VSCs. This sequential mechanism is shown in Figure 1 for methyl mercaptan formation, and the enzymes that would catalyze these reactions are also shown. A similar pathway could be expected for the production of cysteine and its degradation to hydrogen sulfide. Since biosolids flocs have a high content of protein (up to 50%), the substrate for this reaction is readily available and likely plays an important role in the production of VSCs in biosolids.
Methylation of Hydrogen Sulfide and Methyl Mercaptan
A second mechanism for the formation of VSCs is the methylation of hydrogen sulfide and MT. Both aerobic and anaerobic bacteria found in freshwater sediments, soils, and water have been shown to methylate hydrogen sulfide and MT to produce MT and DMS, respectively (Drotar et al., 1987 , Bak et al., 1992 , Lomans et al., 2001 . The methylation reaction is thought to form in two sequential reactions with MT as an intermediate, and the source of the methyl groups is often methoxylated aromatic compounds (Bak et al., 1992) . This reaction can be written as:
Therefore, these methylation reactions have the potential to produce MT and DMS from H 2 S and they are considered one of the main mechanisms for VSC production in freshwater sediments.
Since biosolids have a significant amount of humic acid type material which can be a source of methyl group donors, this may also be an important mechanism for VSC production in biosolids. It is also important to note that this suggests the two major precursors for formation of VSCs will be H 2 S and MT. H 2 S can be produced by sulfate reducing bacteria (SRBs) as well as the degradation of cysteine. Direct MT production (excluding methylation) will mainly arise from the degradation of the amino acid methionine.
Abiotic reactions
VSCs can also participate in abiotic reactions. For example, methanethiol can be oxidized to form DMDS according to the following reaction:
Degradation of VSCs
Research has shown that methanogenic bacteria can degrade (demethylate) MT, DMS, and DMDS to form H 2 S (Lomans et al., 1999) . These reactions could be very important in maintaining low levels of VSCs in anaerobic digesters and the inhibition of methanogens could result in greater VSC production.
OBJECTIVES
The objectives of this research were to elucidate the mechanisms of VSC production in biosolids to produce a foundation for developing control strategies in addition to an understanding of the many factors that have been shown to affect odor production from biosolids.
METHODS AND MATERIALS

Overview of chemical addition and biosolids storage
A number of experiments were performed using different treatments or chemical additions to biosolids cake to elucidate the mechanisms of VSC production. In general, cake solids were collected from full-scale dewatering processes and 10 grams of cake were placed in 160 mL Wheaton serum bottles after the appropriate treatment. The serum bottles were sealed using 20mm Teflon faced butyl rubber septa, tear-off aluminum caps, and a crimping tool. All materials were purchased from Wheaton. The headspace reactor vessels were stored at room temperature for the duration of the experiments. The following chemical addition experiments were performed: 1) Methionine (MET) a sulfur amino acid; 2) Cysteine (CYS) a sulfur amino acid; 3) Syringate (SYR) a methyl donor group; 4) 15 mmole of bromoethane sulfonic acid (BES) a methanogen inhibitor.
Headspace VSC Analysis
VSCs were measured in the headspace of the serum bottles on a regular basis during storage. Headspace gas chromatography was performed using a Hewlett Packard 5890A Gas Chromatograph equipped with a flame ionization detector (FID). A Restek RT-Sulfur packed column measuring 2 m long with an inside diameter of 0.125 in is used specifically for low-level sulfur analysis. Both the injection port and detector temperatures were held at 200˚C. Zero nitrogen was used as the carrier gas at a flow-rate of 20 mL per minute. Zero air and zero hydrogen were supplied to the FID at flow rates of 450 mL/min and 20 mL/min respectively. All gases were purchased from Airgas Inc.
The duration of each sample run was 18 minutes. During the run, initially, the oven temperature is held at 100˚C for 3 minutes. It is then ramped to 220˚C at a rate of 15˚C per minute. This temperature is then maintained for 7 minutes, completing the run. Headspace samples were taken from the reactor vessels using a Hamilton 1 mL gas-tight locking syringe. One mL of headspace was manually injected into the gas chromatograph for VSC analysis.
Volatile sulfur compounds were identified and quantified by comparing the experimental chromatograms to those of pure standards. Methanethiol, dimethyl sulfide, and dimethyl disulfide pure compounds were obtained from the Sigma-Aldrich Co. The pure standards were made by injecting calculated amounts of VSCs into a 1-liter Tedlar bag filled with zero nitrogen gas. The resulting concentration for each VSC was 500 ppmv. Nitrogen gas was used in order to prohibit the VSCs from reacting with oxygen. The 500-ppmv standards were made in replicate and duplicate runs were made for each replicate. One serial dilution was made for each replicate and duplicate runs of the resulting 250 ppmv standard were run also. 
RESULTS AND DISCUSSION
Abiotic Reactions
The literature suggests that MT can polymerize to form DMDS abiotically and this reaction is catalyzed by several agents including light and metal surfaces. Since there is little data on possible biological mechanisms to form DMDS in freshwater systems, abiotic production seems likely, especially given that DMDS is often found as an odor constituent from biosolids (Higgins et al., 2002a and b) . An experiment was performed in which MT was added to clean serum bottles, one Figure 3 . DMDS production due to abiotic reaction in light and dark. stored in the presence of light and the other covered to prevent light penetration. The results from this experiment are shown in Figure 3 . Both systems produced DMDS from MT, and the bottle exposed to light produced a greater amount of DMDS. These results support the formation of DMDS can occur through abiotic mechanism and one catalyst is the presence of light.
A second set of experiments were performed to assess the effect of metals as a catalyst in the oxidation of MT to DMDS. In this experiment, 1.0 mL of 0.1% FeCl 3 was added to a serum bottle and a second bottle was used as a control with no chemical addition. The results from this experiment are shown in Figure 4 . The addition of FeCl 3 had a significant positive impact on the oxidation of MT to DMDS. Since ferric iron is also a weak oxidant, it may have provided an increase through oxidation or it is possible that a surface phenomena also increased the oxidation.
These results support the hypothesis that DMDS, and important odor causing compound, is likely formed by abiotic reactions. As MT is produced by biosolids, it can be oxidized to form DMDS and this would be enhanced by a number of different catalysts. In addition, the absence of oxygen in bottles prevents the formation of DMDS from biosolids as discussed below. 
Amino Acid Degradation
In one experiment set, 0.01 mmoles of the sulfur containing amino acids methionine and cysteine were added individually to stored biosolids to determine if the biosolids had active methionine and/or cysteine degrading enzymes. The addition of methionine resulted in a significant increase in MT when compared to the control, however, cysteine produced no increase compared to the control, as shown in Figure 5 . The effect of the amino acid addition on DMS production is shown in Figure 6 . Similar to the MT production, only methionine addition produced DMS concentrations greater than the control which had no amino acid addition. The results from Figure 6 also shows that methylation of VSCs can occur. Methionine is degraded to form only MT, however, in the experiment DMS was formed at greater concentrations than the control which must have occurred due to methylation of MT. In addition, since protein degradation would be required to produce the methionine degradation, protein degrading enzyme activity was measured and found to be significant in biosolids cakes. As a result, the activity of this enzyme could be used as an indicator of potential odor production from biosolids. The addition of each of these amino acids also resulted in the formation of DMDS, data not shown. DMDS is thought to mainly occur as a result of oxidation of MT and the greater amounts of DMDS in the methionine amended cake support this abiotic reaction since this amino acid produced much greater amounts of MT. It is also interesting to note that significant MT production occurred only after DMDS had peaked and started to decrease. This suggests that all the MT initially formed is readily converted to DMDS. Additional experiments have shown that DMDS formation from MT occurred only in the presence of oxygen, and when the oxygen in a serum bottle is exhausted, the formation of DMDS ceased and MT concentrations increased. The decrease in DMDS is likely due to the degradation by methanogens (see next section).
These results demonstrate that amino acid degradation occurs readily in dewatered biosolids cakes and this degradation can produce VSCs associated with odors. This suggests that methionine and possibly cysteine could be the main substrate for VSC and odor production from biosolids.
A recent survey of centrifuge cakes from 11 different mesophilic anaerobically digested biosolids showed a very good linear correlation between the mass of bound methionine extracted from biosolids cake and the peak MT concentration (WERF, 2002) . Therefore, bound methionine concentration may be a potential measure to determine the odor production potential of biosolids. A relationship between bound protein and peak MT was also found although the correlation was not as good as with methionine (r 2 = 0.64).
Methylation Reactions
Another possible reaction that can transform both H 2 S and MT is methylation. In this reaction, methyl groups are added to these compounds as shown in Reaction 1 and 2. Methyl donor groups have been shown to include humic like materials with methoxylated groups (Bak et al., 1992) . Syringate has been used in experiments to assess methylation activity due to its methoxylated groups (Bak et al., 1992 , Lomans et al., 2001 . A set of experiments were run to compare the effect of syringate and cysteine or methionine addition to determine if methylation occurred in biosolids cake. In these experiments, 0.01 mmoles of syringate were added to bottles that also had 0.01 mmoles of either methionine or cysteine added.
The effect of syringate addition on DMS production is shown in Figure 7 . In each case, the addition of syringate increased the amount of DMS produced compared to adding the amino acid alone. These results support the hypothesis that methylation can occur in biosolids to produce MT and DMS. It is important to note that DMS production would not be expected from methionine or cysteine degradation since these amino acids have been shown to degrade to only MT or H 2 S, respectively. Thus, the presence of DMS in the headspace of biosolids samples, even those unamended such as in Figure 6 , confirms that methylation occurs and methyl donor groups are present in biosolids cakes. Addition of readily available methyl groups, such as syringate, increases the extent of this reaction. 
Role of Methanogens
Research has shown that methanogenic bacteria are able to degrade MT, DMS, and DMDS. For example, in freshwater sediments a balance typically exists between the production of these VSCs and their degradation resulting in little emission of these compounds unless the system is disturbed (Lomans et al., 2001) . It is interesting to note that a similar balance likely exists in anaerobic treatment schemes since MT, DMS, and DMDS are typically not emitted except under conditions that cause stress to methanogenic bacteria. Under these conditions, release of MT has been reported. Therefore, it is likely that methanogens reduce the emissions of MT, DMS, and DMDS and factors that reduce methanogenic activity will increase the release of these VSCs. An experiment was performed in which bromoethanesulfonic acid (BES) was added to dewatered biosolids cakes to inhibit the methanogenic population to determine their role in reducing VSCs. The production of MT and DMS were greatly increased when BES was added to the cake samples as shown in Figure 8 . The effect of the BES on methane production is shown in Figure 9 . The results demonstrate that addition of BES greatly reduces the methanogenic activity and this leads to much greater production of VSCs, namely MT and DMS. Stoichiometrically, addition of 0.01 mmoles of methionine should result in 1530 ppmv of total VSCs in the headspace of the serum bottles. Results from these experiments show that near stoichiometric amounts of VSCs are produced when the methanogens are inhibited. In the control, the MT does not peak as high and decreases rapidly after 5 days due to degradation by methanogens and a similar pattern is seen for DMS. Inhibition of the methanogens results in little degradation of MT until approximately day 20, but this appears to be due to methylation since DMS continued to increase. The results clearly show that methanogens play an important role in cycling of VSCs. The results from this research provide a framework for understanding the mechanisms and pathways of VSC production and also its degradation. A diagram of these pathways is shown in Figure 10 to summarize the different reactions that could take place in the cycling of VSCs. As a result this understanding of pathways and mechanisms, the substrates and reactions to produce VSCs are better understood, and this can lead to methods for controlling odors by controlling the reactions, substrates and/or products. For example, three main inputs or substrates exist for producing VSCs: sulfate, methionine, and cysteine. Reducing the concentrations of these substrates or enhancing intermediate reactions such as demethylation and sulfide precipitation could aid in controlling odors associated with VSCs. Methods of control may be through changes in digestion operations, dewatering processes, storage and land application methods, as well as chemical addition to biosolids before and after dewatering.
The results can also be used to explain differences in odors seen for different sources of biosolids as well as different dewatering equipment. In general, factors that increase the bioavailable protein in solids will produce more VSCs and hence more odors. For example, dewatering processes that impart greater amounts of shear and therefore greater floc breakup would be expected to produce greater VSC concentration. This was found in research that examined high solids centrifuges when compared to low solids centrifuges (Higgins et al., 2002) . High solids centrifuges produced more shear and had greater amounts of bioavailable protein compared to low solids centrifuge, and the biosolids cakes from a high solids centrifuge produced greater concentrations of VSC and odor than the low solids centrifuge. In addition, greater amounts of shear would result in more exposure of the solids to air which could inhibit methanogens. This would increase VSC concentrations as well since methanogens play a role in degrading these compounds.
The results also help to explain why liquid biosolids generally have little VSC production, yet when the liquid is dewatered, the biosolids cake produces odor. In a digester, a balance likely exists between VSC production and degradation. This balance has been reported for freshwater sediments. Disturbance of the balance could occur by inhibiting one or more of the microbial populations, and dewatering may inhibit methanogens since they are sensitive to oxygen exposure. This could then lead to production of VSCs. Figure 10 . Proposed pathways and cycle for VSC production and degradation in biosolids.
SUMMARY
This research demonstrates that VSC production from biosolids occurs through several pathways which include protein degradation and amino acid degradation to form H 2 S and MT. These compounds can be methylated to form MT and DMS, respectively. In addition, formation of DMDS is likely through oxidation of MT to form a disulfide bond VSCs and odors. This is one of the first mechanistic studies of VSC production in biosolids. Understanding these mechanisms is critical to: understanding why biosolids produce odor; developing methods to predict the odor production potential of biosolids; and developing odor control strategies from digestion processes and operation to chemical addition. 
